We report the observation of multiple phonon satellite features in ultra thin superlattices of form nSrIrO3/mSrTiO3 using resonant inelastic x-ray scattering. As the values of n and m vary the energy loss spectra show a systematic evolution in the relative intensity of the phonon satellites. Using a closed-form solution for the RIXS cross section, we extract the variation in the electronphonon coupling strength as a function of n and m. Combined with the negligible carrier doping into the SrTiO3 layers, these results indicate that tuning of the electron-phonon coupling can be effectively decoupled from doping. This work showcases both a feasible method to extract the electron-phonon coupling in superlattices and unveils a potential route for tuning this coupling which is often associated with superconductivity in SrTiO3-based systems.
Despite the discovery of several new classes of superconductors, a comprehensive understanding of superconductivity continues to evade the community, preventing attempts to systamtically control its behavior. The discovery of superconductivity at the interface of two insulating compounds, SrTiO 3 (STO) and LaAlO 3 , is particularly promising for expanding our understanding of superconductivity due to the myriad of control parameters introduced by the heterostructure morphology [1] [2] [3] [4] . Furthermore, superconductivity in monolayer FeSe was recently found to be remarkably enhanced by an order of magnitude when interfaced with STO [5] [6] [7] . These findings point to heterostructuring as a promising route towards the rational engineering of the superconducting ground state.
While debate remains, the coupling of the conduction electrons to the longitudinal optical (LO 4 ) phonon branch is routinely regarded as an essential ingredient in STO-based superconductors [8] [9] [10] [11] [12] [13] . Recent angleresolved photoemission spectroscopy (ARPES) experiments observed the systematic tuning of the electron-phonon coupling (EPC) through modifications of the carrier density in STO single crystals [9, 14, 15] . The superconducting dome of LaAlO 3 /STO was then conjectured to result from a delicate balance between the free carrier density and the suppression of polaronic effects with enhanced screening [9] . Decoupling of the EPC from the carrier density by eliminating screening effects and doping associated defects could then fundamentally alter the phase diagram. For example, one might control the EPC via interfacial effects while maintaining a fixed carrier density. However, the effect of heterostructuring on the EPC is a largely unexplored route, as probing low energy phonon excitations in thin film heterostructures has only recently become possible through advances in Raman scattering and resonant inelastic x-ray scattering (RIXS). Traditional methods such as inelastic neutron scattering are unable to attain appreciable signal in the ultrathin film regime (< 50 nm), while ARPES only indirectly couples to phonons and the small electron escape depth means only the first few atomic layers can be effectively probed. In contrast, RIXS has penetration depths comparable to the film thickness in the soft x-ray regime and has continuously improved in resolution. Thus, it is currently uniquely situated to measure the low energy excitations in the bulk of ultrathin film superlattices (SL), providing a feasible method to track changes in EPC and allowing exploration and scrutiny of another possible dimension of the superconducting phase space [16] . In this letter, we report the first measurements of EPC in ultrathin SL samples of the form nSrIrO 3 /mSTO utilizing RIXS at the O K-edge, extending this method into a new regime [17] [18] [19] [20] [21] . By fitting the phonon excitation profile with a closed form solution for the RIXS intensity, we track the systematic change in the EPC to the LO 4 branch as a function of the relative layer thickness [22, 23] . Such alterations highlight another possible avenue for the engineering of materials unlocked by heteroepitaxy, with important implications for the manipulation of the superconducting state associated with this phonon mode of STO [7, 9, 11, 24] and point to the potential of RIXS in studying this phenomena [14, [19] [20] [21] 25] .
Samples of form nSrIrO 3 /mSTO (n = 1, 2, 3 with m = 1 and m = 1, 2, 3 with n = 1) were grown with pulsed laser deposition as detailed elsewhere, Fig. 1 (a) [26] . RIXS data was measured with the SAXES spectrometer at the ADRESS beamline of the Swiss Light Source at the Paul Scherrer Institute, with a measured energy resolution of 55 meV at the O K-edge [27, 28] . All data was taken with scattering vector Q = (0.23, 0, 0.19) reciprocal lattice units (r.l.u) and at base temperature T = 20 K with an incidence angle of 10
• corresponding to a 17 nm sample penetration depth, smaller then the 30 − 40 nm sample thickness. X-ray absorption spectroscopy (XAS) data for the O K-edge was taken with a total fluorescence yield detector within the sample chamber [29] .
To establish the hybridization with the Ti and Ir d states, XAS data was taken across the O K-edge, as shown in Fig. 2(a) . A well-known prepeak feature is clearly visible at ∼ 529 eV due to self-doping from the overlap of the O 2p and Ir 5d orbitals [30] . A white line feature is also observed at ∼ 531 eV, and is attributed mostly to the hybridization of the O 2p orbitals with the Ti 3d orbitals [31, 32] . Higher energy features are also apparent, which signal further hybridization of the O 2p orbitals with higher energy Sr, Ir, and Ti orbitals.
RIXS spectra, displayed in Fig. 2 (b), were taken across the O K-edge at positions indicated by the markers in Fig. 2(a) . All spectra show an elastic feature of comparable magnitude, centered at zero energy loss. However, clear low energy features are present for incoming x-ray energies tuned to the resonant feature at 530.7 eV, with weight extending out to ∼ 400 meV energy loss, highlighted in grey. This energy range is typically dominated by lattice, charge, and magnetic excitations. We can rule out magnetic excitations, however, based on the high energy of the features and the resonance being at the white line feature around 530.7 eV that selects the O 2p orbitals that are hybridized with the nominally Ti 3d 0 states, which have no magnetic moments [23, 33] . Most importantly, as shown below Fig. 4 (a), the same features are present in a pure SrTiO 3 substrate. Thus, we attribute the low energy features as the signature of multiple phonon excitations.
After fixing the incident photon energy to the resonant feature near 530.7 eV, energy loss spectra were taken for the entire series of SL samples [ Fig. 3(a) ]. We clearly observe phonon features in all samples with comparable intensities. As shown previously, in materials with sufficiently strong EPC, multiple phonons can be simultaneously excited with RIXS [14, 19, 20, 34] . Aligning the spectra and normalizing to the single phonon excitation, For the SLs with n > m, the second feature around 200 meV is weaker. There is, however, a noticeable change in the intensity of the elastic line between samples, likely due to slightly different levels of defects and surface contamination [35] . Despite the differences in the intensity of the elastic feature, the phonon features are sufficiently separated from it (being centered near 100 and 200 meV energy losses) that the influence of the elastic feature is minimal. The observed phonon energy of ω 0 ∼ 105 meV corresponds quite closely to the previously discussed LO 4 branch of STO around 100 meV. We assign the observed features as being predominantly from this branch due to the phonon energy, it only appearing at the energy associated with Ti-O bonding while being absent at the Ir-O prepeak [19, 22] , and the lack of SrIrO 3 phonon density of states near this phonon energy (Fig. 5 ) [10] . It is clear then that multiple phonon excitations are observed for all samples with a change in the relative intensity of the single and double phonon excitations, which is due to changes in the EPC [9, 14, 17, 24] . Analytical solutions to the Kramers-Hesienberg equation for RIXS are, in general, very difficult to achieve [34] . However, a closed-form solution has been obtained for the simplified case of a single correlated orbital coupled to a dispersionless Einstein phonon by Ament et al [22] . In this case, the scattering amplitude of the j th phonon line A q (j) is given by
where
is a dimensionless measure of the EPC energy M , ω det is the energy detuning, Γ is the inverse core-hole lifetime, ω 0 is the phonon energy, and k is the index for the phonon eigenstates. Using this equation, the RIXS intensity for the phonon modes can be calculated [22] and the experimental spectra can then be fit with an elastic feature, the model parameters ω 0 , g, and Γ, and a small constant background contribution [14, 17] . Full details of this fitting routine are provided in the supplemental materials [23] . We note that more complicated cluster calculations [18] [19] [20] produce quantitatively similar phonon excitation profiles as the one produced using Eq. 1, while the former method provides an efficient means to fit the data.
To extract the quantitative changes in the observed relative phonon intensities, we fit the spectra shown in Fig. 4(a) from all five SL samples and a reference STO substrate using the Ament methodology [22] . The fits capture the decay of the phonon intensities up to about 400 meV, after which the intensity becomes too weak to be distinguished from the background. We find that the first four phonon peaks are sufficient to obtain a unique set of fit parameters [23] . Fig. 4(b-c) show the best fit values for g and ω 0 , respectively, plotted as a function of the relative number of SrIrO 3 layers to the total number of layers, n n+m . The phonon energy varies within a range only slightly larger then the error bars of approximately ±5 meV. These two parameters can be combined to obtain the EPC energy M = ω 2 0 g, as shown in Fig. 4(d) . For all samples with n < m (i.e. majority Ti-layers), the coupling energy is quite flat with M ≈ 400 meV, as is seen for the bulk STO sample. This value is similar in magnitude to that obtained for other titanates [17, 37] . For n = m, however, there is a large, abrupt drop of ∼ 20%, and a further drop ∼ 10% for n > m. Interestingly, the coupling here appears to have stabilized, with no further decrease between n = 2 and 3, implying that the microscopic mechanism governing the EPC has saturated.
The EPC can be modified through changes in carrier density, which affects the degree of electronic screening [9, 14, 15] . Measurements of doped STO with ARPES revealed the EPC could be strongly reduced with changes to the Ti valence of approximately 0.1 − 0.2 e − /Ti [38] . Such a change could conceivably be induced in our samples through charge transfer at the interface, as seen in other perovskite heterostructures [39] [40] [41] [42] [43] [44] . However, this scenario is difficult to rationalize in light of the rather sudden onset of the change in g observed here and the lack of a change for samples with n < m compared to the bulk STO. The lack of interfacial charge transfer is also expected based on theoretical calculations, which show the lowest lying Ti 3d bands are ∼0.5-1.0 eV from the top of the valence band [45] [46] [47] . Furthermore, transport and x-ray absorption spectroscopy do not indicate any appreciable doping, and no deviations from Ti 4+ and Ir 4+ have been observed previously [26, 45, 48, 49] . Recent RIXS work on TiO 2 with carrier doping of 0.01 e − /Ti failed to show a noticeable effect on the measured EPC, indicating a much larger doping would likely be needed to induce the observed changes [14] . Thus, enhancement of electronic screening with increased carrier concentration appears an unlikely source for the observed change of the EPC.
To better understand these observations, we performed Density Functional Theory (DFT) calculations [23] . Figure 5 displays the partial phonon DOS of the n = m = 1 superlattice, where the structure was taken from Ref. [50] . The highest LO branch ∼ 95 meV contains the modes producing the phonon excitations observed in RIXS. The calculation shows that these modes are practically fully residing in the STO layers, despite the heterostructering with SIO, which simplifies the analysis.
Next, to quantitatively evaluate and distinguish possible mechanisms for the observed modulations of the EPC we consider two scenarios. The first scenario is that the EPC is dominated by the Fröhlich mechanism, where the LO phonons couple to the electrons via the macroscopic electric fields perturbed by the atomic vibrations [51] . From our calculations, we find that the SIO layers are less polar than the STO layers. For example, the Born effective charges of the O (Ir) atoms in the SIO layer are a factor 1.4 (1.8) smaller than those of the O (Ti) atoms in the STO layer [23] . This is probably because STO, unlike SIO, has an empty d-shell, and because the Ir-5d orbitals are more extended and more covalently bonded with their ligand O atoms than the Ti-3d orbitals [52, 53] . Furthermore, we find the high-frequency dielectric constant ∞ in the SL increases by a factor of 1.9 compared to bulk STO [23] . Both a reduced polarity and an increased ∞ will weaken the Fröhlich coupling. This scenario is consistent with the observed reduction of the EPC in going from bulk STO to the 1/1 SL. However, to rigorously validate this idea, the EPC needs to be computed taking into account the interactions and spin-orbit coupling in the Ir-5d shell and the dynamic screening, including lattice contributions [54, 55] . Such an analysis is beyond the scope of the current manuscript.
The second scenario we consider is that the octahedral distortions differ from one layer to another, modifying the EPC in the different SLs. Experimentally, we found the n = 1, 2, 3 samples do exhibit octahedral rotations about the a-b axes that are not observed in the other SLs [23] . However, separate DFT calculations performed on bulk-like STO with such behavior find only a weak and opposite trend, i.e. larger a-b axis rotations slightly increase the EPC, at odds with our RIXS result [23] . We note that the rotations used in our DFT calculations are based on XRD refinements in which precise rotation angles are challenging to exactly resolve in thin film heterostructures, but the effect of small deviations is not expected to provide meaningful changes to the analysis.
Despite this, the failure of this scenario to theoretically induce such changes in the EPC point to the Fröhlich mechanism as dominating the observed changes. This result provides promise for utilizing different spacing layers with varied polarity and dielectric properties to tune the EPC in thin film SLs, opening another dimension to explore the phase diagram in STO-based superconductors. We note the next generation of RIXS spectrometers with highly improved energy resolution will make this technique quite practical in the future, allowing EPC in single layer films and phonons with lower ω 0 to be efficiently probed and the Q-dependent EPC to be studied.
In conclusion, by employing RIXS at the O K-edge, we extracted the EPC in an ultrathin SL series of the form nSrIrO 3 /mSTO. Multiple phonon excitations corresponding to the LO 4 branch are observed for the entire set of SLs, along with a STO substrate. Using a closed form solution for the RIXS cross-section, the EPC was found to be strongly reduced for samples with n ≥ m. With the proposed strong link of Ti-based superconductivity and the EPC of the LO 4 phonon mode, these results highlight heterostructuring as a feasible alternative method to modify EPC without invoking carrier doping, providing insight into the superconducting state and its dependence on the EPC. Furthermore, these results showcase RIXS as the sole feasible method currently able to directly extract the EPC in thin film heterostructures, where such measurements are poised to bring deeper insights to how lattice interactions drive changes in electronic properties.
